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Abstract 
In this paper, β-phase depletion behaviour of free-standing high velocity oxy-fuel (HVOF) 
thermally sprayed CoNiCrAlY coatings was studied. Microstructural analysis showed a two-
phase microstructure of γ-Ni matrix and β-NiAl secondary phase after heat treatment. Fine 
grains were found around the sprayed particle boundaries and coarse grains were retained as 
the original particle structure, with grain sizes varying from 2 to 0.5 µm or even less for both 
phases. The β-phase depletion behaviour was investigated during isothermal oxidation and 
was also modelled through diffusion calculations. A previously developed β-phase depletion 
model was utilised to study the evolution of β-phase depletion under different oxide growth 
kinetics. Three oxide growth models were tried: 1) Meier model, 2) thermogravimetric 
analysis (TGA) model, and 3) experimentally fitted oxide growth model. The oxide growth 
kinetics were converted to Al flux functions which were used as the boundary conditions in 
the DICTRA modelling. It is shown that the results obtained from the three models exhibit 
good agreements between the measured and predicted results for times up to 100 h at 1100 C, 
but discrepancies were noted at longer oxidation times. Further improvements on closely 
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modelling the oxidation kinetics and the effective diffusion behaviour are needed to minimise 
the discrepancies at longer oxidation times. 
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1. Introduction 
MCrAlY (M = Co, Ni, or a combination of the two) are widely used as overlay coatings and 
as bond coats in thermal barrier coating (TBC) systems due to their excellent 
oxidation/corrosion resistance [1-5]. Co, Ni, Cr and Al are added in various amounts so that 
the microstructure of the coating can be tailored to meet specific requirements. Minor 
elements, such as Y, are also introduced to improve the oxidation resistance [6, 7]. Generally 
MCrAlY alloys are multi-phase materials and can comprise, for example, fcc γ-Ni, bcc β-
NiAl and/or γʹ (Ni3Al) phases, depending on the compositions used [8]. During service at high 
temperatures, the coating oxidises and forms an outer layer of thermally grown oxides (TGO). 
MCrAlY coatings exhibit their protective effect owing to the fact that aluminium forms a 
continuous oxide layer, predominantly alumina, on the coating surface [9-12]. The aluminium 
consumed by forming the protective oxides is mainly from the Al-rich β phase which acts as 
the Al reservoir in the coating. The progressive loss of Al causes the β phase to deplete at the 
coating surface, leading to the microstructural instability of the coating [13-15]. The loss of β 
phase also occurs at the coating/substrate interface due to the interdiffusion between the 
coating and substrate [16-27]. Eventually, the MCrAlY coating becomes non-protective when 
the complete loss of the β phase occurs. Since the composition of the MCrAlY coating can be 
controlled to minimise the interdiffusion, the β-phase depletion at the oxide/coating interface 
is crucial to the durability of the coating lifetime. 
Hitherto, much work has been conducted on the oxidation and hot corrosion characteristics of 
MCrAlY coatings manufactured by various techniques, i.e. low pressure plasma spraying 
(LPPS), vacuum plasma spraying (VPS) and, more recently, high velocity oxy-fuel (HVOF) 
thermal spraying [28-40]. It is generally recognised that the rate of Al loss and the β-phase 
depletion behaviour is closely related to the oxide growth kinetics at the oxide/coating 
interface. The modelling and prediction of the β-phase depletion thus becomes important for 
the assessment of coating lifetime. Work concerned on this aspect have been widely reported, 
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but they are either limited to the oxide growth kinetics used or involve interdiffusion between 
the coating and substrate [20-27]. Since the oxide growth kinetics depends critically on the 
coating microstructure and deposition method and minor elements diffused from the substrate 
to the coating can have a significant effect on the oxidation behaviour of the coating, the 
accuracy of such oxide growth kinetics plays a dominant role in the lifetime prediction of 
MCrAlY coatings. However, the evaluation of different oxide growth kinetics on the β-phase 
depletion behaviour does not appear to have been previously reported. 
Therefore, in this paper, the effects of different oxide growth kinetics on the evolution of β-
phase depletion are examined at 1100 C. Free-standing coatings are used to model the β-
phase depletion behaviour under different oxide growth kinetics and to avoid the substrate 
effects on the β-phase depletion. Due to the unique nature of different surface conditions in 
free-standing coatings, the investigation in this study focuses on the β-phase depletion 
kinetics at the as-sprayed rough surface. The computational thermodynamics software, 
Thermo-Calc, and the finite difference software, DICTRA, are used, together with a 
previously developed β-phase depletion model [41], to investigate the evolution of β-phase 
depletion. This paper is aiming at reporting the β-phase depletion behaviour under different 
oxidation models in free-standing MCrAlY coatings.  
 
2. Materials and experimental procedure 
2.1. Materials 
Praxair CoNiCrAlY powder (CO-210-24) with a nominal composition of Co-31.7%Ni-
20.8%Cr-8.1Al%-0.5%Y (all in wt%) was deposited onto mild steel substrates by HVOF 
thermal spraying. The CoNiCrAlY powder has a size range of -45+20 µm with an oxygen 
content of 0.037 wt%. The substrates with dimensions 60  25  1.8 mm3 were 800-grit 
ground prior to coating deposition in order to aid coating detachment after spraying. More 
details of the deposition process and procedures are given elsewhere [42]. Free-standing 
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coatings, with an approximate thickness of 0.5 mm, were obtained by debonding from the 
substrate. The surface roughness, Ra, of the as-sprayed rough surface and the debonded 
surface were measured to be 5.6 ± 0.8 µm and 1.4 ± 0.6 µm respectively by a SURFTEST 
SV-600, Mitutoyo. 
 
2.2. Heat treatment and isothermal oxidation 
Free-standing coating samples were vacuum heat treated at 1100 C for 2 h under an 
approximate pressure of 6.0  10-3 mbar. The heat treatment caused the secondary phase, β, to 
precipitate and reduce the porosity within the coatings [39]. Isothermal oxidation tests were 
carried out at 1100 C for 50 h, 75 h, 100 h and 250 h in a Carbolite furnace. Continuous 
weight measurements of heat treated samples during oxidation were carried out using a SDT 
Q600 TA Instruments thermogravimetric analyser (TGA). Samples of approximately 3×3 
mm
2
 were put in pre-heated alumina crucibles, rough surface facing up. The furnace was set 
to equilibrate at 50 C initially, ramped 50 C/min to 1100 C and isothermally stayed at 1100 
C for 95 h. For the oxidation rate measurements the parabolic oxidation law was assumed as 
below: 
 
∆𝑚
𝐴
~√𝑡 (1) 
where ∆m is the weight gain in grams, A is the surface area, taken as approximately 0.2 cm2, 
and t is time in seconds. 
 
2.3. Material characterisation 
The microstructures of coating cross-sections were characterised by a field-emission gun 
scanning electron microscope (SEM) with energy dispersive X-ray (EDX) analysis using 
backscatter electron model. The β-phase depletion zone and β-phase volume fraction were 
measured by image analysis software, ImageJ [43]. At least 5 SEM micrographs were taken 
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for the β-phase depletion zone measurements and at least 10 measurements were performed in 
each image. The grain structure of coating cross-sections was characterised by SEM-based 
electron backscatter diffraction (EBSD) operated at 20 kV with a beam current of 26 nA. The 
EBSD mappings were conducted at areas of 50 µm  50 µm using a step size of 0.1 µm. 
 
3. Modelling procedure 
3.1. Oxidation models 
A previously developed β-phase depletion model is used here [41], where an initial Al2O3 
scale and a corresponding β-phase depletion zone is assumed. The detailed description of the 
model is given elsewhere [41]. The current β depletion model requires oxidation kinetics to be 
established to allow the flux of aluminium from the coating and subsequently the β-phase 
depletion occurs. It has been demonstrated that the oxidation kinetics have a significant 
influence on the evolution of the β-phase depletion [41]. Owing to different oxide growth 
kinetics, the aluminium flux functions at the oxide/coating interface can vary, depending on 
the oxidation models used. Three oxidation models are considered below and will be used as 
the boundary conditions for diffusion calculations. 
 
3.2.1. Meier model 
The oxidation model proposed by Meier et al. [21] was examined, in which they reported an 
oxide growth model in the form of a power law kinetics as given in Eq. (2), 
 𝛿(𝜇𝑚) = {𝑒𝑥𝑝 [𝑄 (
1
𝑇0
−
1
𝑇
)] 𝑡}
𝑛
 (2) 
where 𝑄, 𝑇0, 𝑇, 𝑡, 𝑛 are activation energy constant, temperature constant, absolute oxidation 
temperature, exposure time and oxidation constant respectively. 𝑄, 𝑇0 and 𝑛 were found to be 
27777.4 K, 2423.7 K and 0.332 respectively when δ is given in µm by fitting the experimental 
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data between 1038~1149 ºC [21]. The oxide growth rate in µm/s can be obtained by taking 
the first derivative of Eq. (2) with respect to time as expressed in Eq. (3). 
 ?̇?(𝜇𝑚 𝑠)⁄ = 𝑛 {𝑒𝑥𝑝 [𝑄 (
1
𝑇0
−
1
𝑇
)]}
𝑛
𝑡𝑛−1 (3) 
 
3.2.2. TGA model 
Oxide growth kinetics can also be approached from the TGA analysis, using the weight gain 
per unit area divided by the density of the oxide, as shown in Eq. (4), 
 𝛿(𝜇𝑚) =
∆𝑚
𝐴𝜌𝑜𝑥
~√𝑡 (4) 
where 𝜌𝑜𝑥 is the density of the oxide, taken as the density of Al2O3 (3950 kg/m
3
). For free-
standing coatings used in this study, the weight gain obtained is assumed from the Al2O3 that 
forms on the as-sprayed rough surface and the debonded surface. Since the surface roughness 
can affect the weight gain under different surface conditions, thus the weight gain on a 
specific surface, i.e. the rough surface, can be rewritten as, 
 
∆𝑚
𝐴
×
𝑅𝑎(𝑟𝑜𝑢𝑔ℎ)
𝑅𝑎(𝑡𝑜𝑡𝑎𝑙)
= (𝐾𝑝𝑡)
1
2 (5) 
where Kp is parabolic rate constant in g
2
/cm
4
/s determined from the TGA analysis by the best 
fit of the parabolic law and Ra(total) is the sum of surface roughness from the rough surface 
and debonded surface. By combining Eq. (4) and (5), the oxide growth kinetics at the rough 
surface can be approximated as 
 𝛿(𝜇𝑚) =
∆𝑚
𝐴𝜌𝑜𝑥
×
𝑅𝑎(𝑟𝑜𝑢𝑔ℎ)
𝑅𝑎(𝑡𝑜𝑡𝑎𝑙)
=
(𝐾𝑝𝑡)
1
2
𝜌𝑜𝑥
 (6) 
Similarly to Eq. (3), the oxide growth rate can be given as Eq. (7). 
 ?̇?(𝜇𝑚 𝑠)⁄ =
1
2𝜌𝑜𝑥
(
𝐾𝑝
𝑡
)
1
2 (7) 
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3.2.3. Experimentally fitted model 
An experimentally fitted oxide growth model was proposed, in which the thickness of the 
oxide scale after high temperature oxidation were measured by image analysis using the area 
of the alumina scale divided by the image width of ~60 µm in at least 5 SEM micrographs and 
were fitted to a power law oxide growth kinetics in Eq. (8), 
 𝛿(𝜇𝑚) = 𝐵 ∙ 𝑡
𝜆 (8) 
where B and λ are constants. The oxide growth rate can then be presented as Eq. (9) by taking 
the differential of Eq. (8). 
 ?̇?(𝜇𝑚 𝑠)⁄ = 𝐵 ∙ 𝜆 ∙ 𝑡
𝜆−1 (9) 
 
3.2.4. Al flux 
The Al flux, 𝐽𝐴𝑙, in the diffusion model as the boundary condition is determined by Eq. (10) 
through a mass balance conversion, 
 𝐽𝐴𝑙 = ?̇? ∙ 𝜌𝑜𝑥 ∙ 𝑟 (10) 
where ?̇? is the oxide growth rate obtained from the above oxidation models and 𝑟 is the ratio 
in mass balance conversion from Al2O3 to Al. The coating surface recession is very slow due 
to the mechanism of the growth of alumina, it is thus neglected in the current work [44]. 
 
3.3. Diffusion modelling 
3.3.1. Initial conditions 
1 µm initial oxide is assumed to have formed during heat treatment and, to account for this, an 
initial β depletion zone of 5.6 µm is imposed.  Previous work has shown that this assumption 
agrees well with the experimental observations during the initial 2 h heat treatment at 1100 ºC 
[41]. The time to allow 1 µm oxide to form under the above three oxide growth kinetics are 
summarised in Table 1. In the initial β depletion zone, the γ phase composition at 1100 ºC is 
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used as the elemental composition. In the γ+β region, the powder composition is used as the 
overall composition of the coating. 
 
3.3.2 Boundary conditions 
The boundary condition for the diffusion model is the Al flux functions based on oxide 
growth models. The starting aluminium flux used is when 1 µm oxide has formed as 
summarised in Table 1, where t1 is the time to achieve 1 μm oxide. Subsequently the Al flux, 
JAl, follows Eq. (10) under different oxide growth kinetics in the diffusion calculations, as 
illustrated schematically in Fig. 1. Combining the previous work [20, 45, 46], a labyrinth 
factor was incorporated here in Eq. (11) to accommodate the effects of non-diffusional β-NiAl 
phase which was defined by TTNi7 thermodynamic database, 
 
𝐷𝑒𝑓𝑓
𝑢𝑝𝑝𝑒𝑟
𝐷𝛾
= 1 +
3 − 3𝑓𝛾
𝑓𝛾 −
10
3
 (11) 
where 𝐷𝛾 and 𝑓𝛾 are the diffusivity and volume fraction of the phase respectively. Lattice 
diffusion is considered and grain boundary diffusion is neglected. Diffusion calculations using 
the nickel superalloy thermodynamic database, TTNi7, and the kinetic mobility database, 
MOB2, were performed with DICTRA software [47-49]. A fully implicit solution method 
was used with a time step of 1000 s at 1100 ºC for 250 h. 
 
4. Results 
4.1. Microstructural analysis 
The microstructure of the vacuum heat treated free-standing CoNiCrAlY coatings is shown in 
Fig. 2. It can be seen from Fig. 2(a) that there is very little porosity apparent in the coating. A 
two-phase microstructure, consisting of the light contrast fcc-γ Ni-rich matrix phase and the 
dark contrast bcc-β (Co,Ni)Al secondary phase is seen in Fig 2(b). The volume fraction of the 
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uniformly distributed β phase was found to be around 30% by image analysis, which has an 
equivalent mass fraction of around 25% through a mass balance conversion. Micron sized, 
dark contrast particles that were mainly found around powder particle boundaries as either 
discrete particles or thin stringers are also visible in Fig. 2(c). Chemical analysis showed them 
to be aluminium rich oxides that formed by oxidation of powders during the HVOF spraying 
process. It is clear From Fig. 2 that their volume fraction is less than 1% in the coating. Fig. 3 
shows EBSD-derived inverse pole figure and phase distribution maps for vacuum heat treated 
coatings. It can be seen that the γ grains are generally twinned and the β grains are 
monocrystalline grains in the coating. Coarse grain regions within the particles and fine grain 
regions around the particle boundaries are found to exist. This can be attributed to the molten 
particles collide with the splats and high cooling rate occurred at the particle boundaries. The 
high impact force generated from high velocity collision between the splats can mechanically 
deform the splats and recrystallization occurred around the molten particle boundaries, 
causing the fine grains to form. The coarse grains were retained as the original particle 
microstructure during HVOF thermal spraying. Grain size ranges from 1~2 µm in the coarse 
grain regions and about ~500 nm or even less in the fine grain regions. The random 
assortment of colour in Fig. 3(a) indicates that no preferred orientation was present in either  
or  phases. 
 
4.2. High temperature oxidation 
During oxidation, the Al content decreases due to the outward diffusion of Al from the 
coating, allowing the protective oxides to form at the coating surface. As previously reported, 
the initial heat treatment promotes the alumina scale growth rather than spinel oxides [38]. 
This is shown typically in Fig. 4, demonstrating the main oxide is alumina. The loss of Al in 
the coating causes the growth of a single γ phase zone below the protective alumina scale. 
This γ zone is termed the β-phase depletion zone, as depicted in Fig. 4. The mass gain per unit 
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area as a function of time for the heat treated coating obtained from the TGA is shown in Fig. 
5. The total weight gain of the coating (Eq. (1)) and the approximated weight gain for the 
rough surface (Eq. (5)) are included in this figure. It is found from Fig. 5 that the TGA results 
generally exhibit a parabolic law and the parabolic rate constant derived from Eq. (5) is 5.02 × 
10
-12
 g
2
/cm
4
/s. The experimentally measured oxide thickness against the oxidation time and 
the corresponding β-phase depletion zone are summarised in Fig. 6. The oxide growth at the 
rough surface shown in Fig. 6 was used to fit with a power law oxide growth kinetics (Eq. (8)) 
as shown in Fig. 7, in which the B and λ are found to be 2.9 × 10-4 and 0.715 respectively. 
 
4.3. Modelling results 
Fig. 7 shows the oxide growth behaviour of the three different oxidation models. It can be 
seen that the oxide thickness calculated from Meier model are the largest, followed by the 
TGA model, and the experimentally fitted model shows the smallest oxide thickness. They all 
yield at ~5 µm after 250 h at 1100 ºC. Oxide growth rates, Eq. (3), (7) and (9), derived from 
the corresponding oxide growth models are presented in Fig. 8(a). The Meier model exhibits 
higher oxide growth rate within the first 25 h, but after that the growth rate from the fitted 
model becomes larger. According to Eq. (10) the Al flux is proportional to the oxide growth 
rate, as shown similarly in Fig. 8(b). Al content decreases as the time progresses due to the Al 
flux at the boundary in the diffusion modelling. The Al profiles after 100 h oxidation are 
shown in Fig. 9. The Al content is calculated to be ~4.8 wt% in the β depletion zone, close to 
the γ phase composition. In the γ+β region, the Al content is about 8.1 wt%, representing the 
overall coating composition. Fig. 10 depicts the phase fractions after 100 h, where a larger β-
phase depletion zone is seen in the Meier model. Since the loss of Al alters the chemical 
potentials of other elements in the coating, the element composition profiles under different 
oxidation models are compared with EDX measurements in Fig. 11 after 100 h oxidation. 
Generally, the element concentrations predicted from the diffusion modelling show good 
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agreements with experimental measurements though the β depletion zones obtained from each 
model are different. The comparison of the β-phase depletion from the modelling results and 
experimental measurements are shown in Fig. 12 for times up to 250 h at 1100 ºC. It can be 
seen that the β-phase depletion obtained the three models exhibit good agreements with 
experimental results for times up to 100 h though the Meier model shows larger β-phase 
depletion and the experimentally fitted model exhibits less β-phase depletion. Discrepancies 
between modelling and experimental results were noted at 250 h.  
 
5. Discussion 
5.1. Oxide growth kinetics 
Since the elemental diffusion kinetics, especially Al, is driven by the oxidation models used, 
the oxide growth kinetics are crucial to the lifing aspects of MCrAlY coatings. Meier model 
was previously developed on a NiCoCrAlY bond coat (Ni-22.0%Co-17.0%Cr-12.5%Al-
0.6%Y, all in wt%) with a γ+β structure deposited by air plasma spraying. It has been 
reported that the oxidation behaviour of plasma sprayed and HVOF sprayed MCrAlY 
coatings are different [38, 50]. The oxide growth behaviour can also vary with the 
composition used [25]. Thus Fig. 7 and Fig. 8 show the variations of the Meier model 
compared to the other two models used in this study. The parabolic constant obtained from 
TGA analysis agrees well with other reported work in the literature [51-53], with magnitudes 
between 10
-10
 ~ 10
-14
 depending on the temperatures used. Since Meier model was based on 
the as-sprayed surface, the comparisons with other models were conducted under rough 
surface conditions. The experimentally fitted oxide growth model was presented in the form 
of a simplified power law kinetics. This fitted model does not show strictly parabolic 
oxidation kinetics and the least oxide thickness was obtained. Nevertheless, these models can 
act as typical models for the oxidation of MCrAlY coatings. Al flux shown in Fig. 8(b) is the 
boundary condition used for diffusion calculations. Before the diffusion calculation starts, an 
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initial alumina scale was assumed to exist to avoid infinite value of Al flux at the boundary. 
The starting Al fluxes for each model are summarised in Table 1 according to Fig. 1, which 
depends on the time to allow 1 µm oxide to form based on the oxide growth kinetics of each 
model. When the time progresses, the oxide gets thicker and the activity at the coating surface 
decreases, this agrees well with the fact that the Al flux decreases with time as shown in Fig. 
8(b). 
 
5.2. Evolution of β-phase depletion 
The β-phase depletion occurred, as expected, faster at higher oxidation kinetics. The Al flux 
obtained from Meier model is larger than the other two models in the first 25 h and becomes 
smaller after that as seen in Fig. 8. The larger Al flux obtained from Meier model in the first 
25 h dominates the subsequent Al loss and the resultant β-phase depletion. It should be noted 
that the Al flux becomes very small, less than 1×10
-6
 mol/m
2
/s, after 25 h. The higher 
oxidation rate obtained from the Meier model indicates the higher loss of Al and as a result, 
larger β-phase depletion zone is formed. The Al content and phase fractions shown in Fig. 9 
and Fig. 10 respectively further support this view. Correspondingly, the element composition 
profiles shown in Fig. 11 present the element concentration distribution under three oxidation 
models. Since the boundary condition is limited to the Al flux, the rate of Al loss dominates 
the growth of the β-phase depletion zone. Other elements, like Co, Ni and Cr are altered 
accordingly due to the changes of chemical potential which partially depends on the element 
concentrations in the system, though small discrepancies of Co, Ni and Cr were found which 
is likely due to the difference between the thermodynamic database and experimental 
measurements [41].  
The comparison of the β-phase depletion zone between modelling and experimental results, 
Fig. 12, shows that the TGA model appears to be more suitable for times up to 100 h. 
However, discrepancies were seen after longer period of oxidation, i.e. 250 h. It can be seen 
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that the experimentally determined TGO thickness is slightly larger than the models at 250 h 
in Fig. 7, whereas the β depletion zone obtained from the experimental measurements is 
smaller compared to the model predictions at 250 h in Fig. 12. That means the coating is 
experiencing a much smaller Al flux during isothermal oxidation at this stage. It can be 
attributed to a few factors. The oxidation models used may not be able to fully represent the 
actual oxidation kinetics that occurred to the coating, especially at longer exposure time. It 
has been reported that a critical oxide thickness may exist during oxidation for TBCs and the 
oxide layer that beyond this critical value will start to spall off [9, 11]. It is usually found that 
the critical thickness is around 6 µm, which is also the case seen from Fig. 7 at 250 h. 
However, the spallation of TGO will accelerate the β-phase depletion since the formation and 
growth of new TGOs will further consume the Al and the β phase in the coating. But on the 
contrary, a smaller β-phase depletion zone is seen from experimental observations at 250 h, 
indicating that the spallation of TGO may not yet occur. It is thus believed that at this stage 
when approaching the critical oxide thickness, the Al flux may become very slow and, as a 
result, smaller β-phase depletion zone is obtained from the experimental measurements than 
model predictions at 250 h. Although it is proposed that the Al flux becomes very small when 
approaching the critical oxide thickness, the fine scale oxide particles and stringers seen in Fig. 
2 may also have a role in affecting the β-phase depletion. These alumina stringers can act as 
effective diffusion barriers which exhibit blocking effects for element diffusion [23]. 
Furthermore, the labyrinth factor introduced in this study can also influence the resultant 
element diffusion and β-phase depletion. The labyrinth factor is employed to account apparent 
diffusion due to the presence of β phases, but it is limited to the lattice diffusion of the γ 
matrix. The actual diffusion in the γ+β phase can be much slower due to the high volume 
fraction of the β phase. Consequently, the net effect of the above would be a smaller β 
depletion zone as is indeed observed in Fig. 12. 
 
15 
 
5.3. Comparison with previous studies 
It is widely recognised that higher oxide thickness would produce a larger β-phase depletion 
zone, as evidenced by Fig. 7 and Fig. 12. When using the Meier model, it has been found that 
it shows higher oxidation rate compared to experimental observations by Karunaratne et al. 
[20]. Thus the Meier model may not be very appropriate for the CoNiCrAlY coating used in 
this study. The deviation from Meier model could also be attributed to the use of fitting 
parameters which was derived from oxidation tests on a different MCrAlY coating deposited 
using a different thermal spray technique. This could produce discrepancies compared to 
experimental results here as the oxidation behaviour of MCrAlY coatings largely depends on 
the microstructure and the deposition method. The approach of using experimentally fitted 
oxide growth kinetics was also proposed by Yuan et al. [23] and Eriksson et al. [24] for 
diffusion boundary conditions. In their studies, they used a parabolic law to fit the oxide 
growth, but in the present study it was found that the obtained oxide thickness did not strictly 
follow the parabolic growth law and exhibited lower oxidation rate. The TGA model 
incorporated with the surface roughness effects shows better agreement among the three 
models and a parabolic β-phase depletion behaviour is found, similar to other analytical 
models developed for the two-phase alloy systems [54-57]. However, previous studies have 
either been conducted with different MCrAlY compositions or involve interdiffusion between 
the coating and substrate. Thus direct comparison with other studies is not applicable. The 
study presents here concerns the oxide growth and β-phase depletion on free-standing 
MCrAlY coatings and is believed to be useful as a step towards studying the coating-substrate 
system after all the conditions have been established for the free-standing coatings. 
 
6. Conclusions 
 A two-phase structure in this HVOF CoNiCrAlY coating is found to exist, the fcc-γ 
phase exhibit a twinned grain structure and the bcc-β phase is monocrystalline. Coarse 
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grain regions are retained within the sprayed particles and fine grain regions are found 
around the particle boundaries. 
 Three oxidation models were examined, namely the Meier model, the TGA model and 
experimentally fitted model. It is shown that the Meier model exhibits the largest 
oxidation kinetics, followed by the TGA model, and the experimentally fitted model 
shows the least oxidation kinetics.  
 The evolution of β-phase depletion obtained from the three oxidation models shows 
reasonable agreements with experimental measurements for times up to 100 h at 1100 
ºC but discrepancies are seen at 250 h. The deviation is likely related to the difference 
in the modelled and actual oxidation kinetics over the whole oxidation period as well 
as the difference in the modelled and actual diffusion behaviour. Further work on 
modifying the oxidation kinetics and incorporating the diffusion block effects and 
effective diffusion coefficients in the model will be needed to improve the predictions 
at longer exposure times. 
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Table 1 
The time to allow 1 µm initial oxide to grow and the initial Al flux before the diffusion 
calculation starts, obtained from different oxidation models. 
Oxidation model 
Time for 1 µm 
initial oxide to 
grow, t1 (s) 
Initial Al flux 
(mol/(m
2
s)) 
Meier model 6441 4.00 × 10
-6
 
TGA model 31100 1.25 × 10
-6
 
Fitted model 88653 6.22 × 10
-7
 
 
 
 Figures 
 
Fig. 1. Schematic diagram of Al flux at the boundary by assuming 1 μm initial oxide 
thickness, t1 is the time for the oxide to reach 1 μm and the zero-time for the diffusion model 
with initial 1 μm oxide thickness. 
 
 
Fig. 2. Microstructure of vacuum heat-treated HVOF CoNiCrAlY coatings at 1100 C for 2 h: 
(a) and (b) show the general microstructure, (c) shows the micron-sized discrete particles and 
thin oxide stringers. 
  
Fig. 3. EBSD-derived inverse pole figure (a) and phase distribution map (b) for the vacuum 
heat treated CoNiCrAlY coating. The β-phase is coloured red and the γ-phase green in (b). 
 
 
Fig. 4. A typical SEM micrograph showing the main oxide is alumina and the resultant β-
phase depletion zone after 100 h oxidation at 1100 ºC. 
 
 
Fig. 5. Plot of total weight gain and rough surface weight gain versus time of heat treated 
CoNiCrAlY coating during oxidation at 1100 ºC for 95 h. 
  
Fig. 6. Plot of experimentally measured oxide thickness and β depletion zone versus oxidation 
times for 50 h, 75 h, 100 h and 250 h at 1100 ºC. 
 
 
Fig. 7. Plot of calculated and experimentally measured oxide thickness versus oxidation time 
at 1100 ºC. 
 
 
 
 
 
 
  
Fig. 8. Plot of oxide growth rate (a) and Al flux (b) obtained from different oxidation models 
versus time at 1100 ºC. 
 
 
Fig. 9 . Plot of Al concentration versus distance from the oxide/coating interface at 1100 °C 
for 100 h, showing the Al content near the interface is close to 4.8 wt%. 
  
Fig. 10. Plot of phase mass fraction versus distance after 100 h at 1100 ºC obtained from 
DICTRA calculations. 
 
 
Fig. 11. Element composition profiles obtained from Meier model (a), TGA model (b) and 
Fitted model (c) at 1100 ºC for 100 h. The symbols are the EDX measurements. 
 
 
  
Fig. 12. Plot of the β-phase depletion zone versus time, zero-time is set for isothermal 
oxidation after initial heat treatment and for when the diffusion calculations start. An initial β 
depletion zone of 5.6 μm is assumed and the temperature is 1100 °C. 
